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Introduction

• The electroweak response is a 
fundamental ingredient to describe the 
neutrino - Carbon-12 scattering, recently 
measured by the MiniBooNE 
collaboration to calibrate the detector 
aimed at studying neutrino oscillations.

• As a first step towards its calculation, we 
have computed the sum rules for the 
electromagnetic response of 12C. We 
want to predict the results of Jefferson lab 
experiment nearing publication.

S. Zeller, ECT* Workshop, May 2012 

MiniBooNE Detector 
10 

Aguilar-Arevalo et al., NIM A599, 28 (2009) 
(inside view of MiniBooNE tank) 

•  800 tons of mineral oil  
•  ν interactions on CH2 

•  Cerenkov detector → ring imaging for event reconstruction and PID v 
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The electromagnetic inclusive cross section of the process

Electromagnetic response

2

I. DESCRIPTION OF SCIENCE

The electroweak response is a fundamental ingredient to describe the neutrino - 12Carbon

scattering, recently measured by the MiniBooNE collaboration to calibrate the detector aimed

at studying neutrino oscillations. As a first step towards its calculation, we have computed

the sum rules for the electromagnetic response of 12C. The cross section of the process

e+12 C → e′ +X . (1)

can be written in Born approximation as [1]

d2σ

dΩe′dEe′
= −

α2

q4
Ee′

Ee

LµνW
µν , (2)

where α # 1/137 is the fine structure constant, dΩe′ is the differential solid angle specified by

ke′ and q = ke − ke′ is the four momentum transfer of the process. The leptonic tensor Lµν is

fully determined by the measured kinematical variables of the electron, while all information on

target structure, which is largely dictated by nuclear interactions, is enclosed in the hadronic

tensor

W µν =
∑

X

〈Ψ0|J
µ|ΨX〉〈ΨX |J

ν |Ψ0〉δ
(4)(p0 + q − pX) . (3)

The sum over the final states includes an integral over pX , the spatial momentum of the final

hadronic state, while p0 is the initial four-momentum of the nucleus.

In the nonrelativistic approach, the hadronic tensor can be written in terms of the longitu-

dinal and transverse response functions, with respect to the direction of the three-momentum

transfer q. For instance, taking q along the z-axis, the transverse response is defined by [2]

Rxx+yy(q,ω) =
∑

X

δ(ω + E0 − EX)
[

〈Ψ0|j
x(q,ω)|ΨX〉〈ΨX |j

x(q,ω)|Ψ0〉+

〈Ψ0|j
y(q,ω)|ΨX〉〈ΨX|j

y(q,ω)|Ψ0〉
]

(4)

while the longitudinal is given by

R00(q,ω) =
∑

X

δ(ω + E0 − EX)〈Ψ0|ρ(q,ω)|ΨX〉〈ΨX |ρ(q,ω)|Ψ0〉 (5)

The sum rules are obtained integrating the response functions over the energy transfer and

using the completeness relation of the states |X〉. For Rxx+yy and R00 one has

Sxx+yy(q) ≡

∫

dωRxx+yy(q,ω) = 〈Ψ0|j
x(q,ωel)j

x(q,ωel) + jy(q,ωel)j
y(q,ωel)|Ψ0〉

S00(q) ≡

∫

dωR00(q,ω) = 〈Ψ0|ρ(q,ωel)ρ(q,ωel)|Ψ0〉 , (6)

where the target final state is undetected, can be written in the Born 
approximation as

d2�

d⌦e0dEe0
= �↵2

q4
Ee0

Ee
Lµ⌫W

µ⌫ ,

Hadronic tensor

e0

e 12C

X

Wµ⌫ =
X

X

h 0|Jµ| Xih X |J⌫ | 0i�(4)(p0 + q � pX)

Leptonic tensor

Lµ⌫ = 2[kµk
0
⌫ + k⌫k

0
µ � gµ⌫(kk

0)]

q

It contains all the information on target structure.
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Electromagnetic response
• At moderate momentum transfer, non relativistic wave functions can be 
used to describe the initial and final states and an expansion of the current 
operator in powers of           can be performed.

• The hadronic tensor (and the cross section) can be written in terms of the 
longitudinal and transverse response functions, with respect to the direction 
of the three-momentum transfer:

RL(q,!) =
X

X

h 0|⇢| Xih X |⇢| 0i�(E0 + ! � EX)

RT (q,!) =
X

X

h 0|~j †
T | Xih X |~jT | 0i�(E0 + ! � EX)

 Longitudinal

 Transverse

|q|/m
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Electromagnetic sum rules

• The sum rules provide an useful tool for studying integral properties of the 
electron-nucleus scattering. 

• Using the completeness relation, they can be expressed as ground-state 
expectation values of the charge and current operators. 

Z
d!

|0i

|XihX|

h0|

X

X

S↵(q) =

• The direct calculation of the response requires the knowledge of all the 
transition amplitudes:                 and                  .

Sum rules of electromagnetic response functions in

12
C

A. Lovatoa,b, S. Gandolfic, Ralph Butlerd, J. Carlsonc, Ewing Luske,
S. Pastoref , Steven C. Pieperb, R. Schiavillag,f , and R.B. Wiringaa

aArgonne Leadership Computing Facility, Argonne National Laboratory, Argonne, IL 60439
aPhysics Division, Argonne National Laboratory, Argonne, IL 60439

cTheoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545
dComputer Science Department,Middle Tennessee State University, Murfreesboro, TN 37132

eMathematics and Computer Science Division, Argonne National Laboratory, Argonne, IL 60439
fDepartment of Physics, University of South Carolina, Columbia, SC 29208

gDepartment of Physics, Old Dominion University, Norfolk, VA 23529
hJe↵erson Lab, Newport News, VA 23606

(Dated: May 9, 2013)

An ab initio calculation of the 12C elastic form factor, and sum rules of longitudinal and transverse
response functions measured in inclusive (e, e0) scattering, is reported, based on realistic nuclear po-
tentials and electromagnetic currents. The longitudinal elastic form factor and sum rule are found to
be in satisfactory agreement with available experimental data. A direct comparison between theory
and experiment is di�cult for the transverse sum rule. However, it is shown that the calculated
one has large contributions from two-body currents, indicating that these mechanisms lead to a
significant enhancement of the quasi-elastic transverse response. This fact may have implications
for the anomaly observed in recent neutrino quasi-elastic charge-changing scattering data o↵ 12C.

PACS numbers: 21.10.Ft, 25.30.Bf, 25.30.Fj

The current picture of the nucleus as a system of
protons and neutrons interacting among themselves via
two- and three-body forces and with external electroweak
probes via one- and two-body currents—a dynamical
framework we will refer to below as the standard nu-
clear physics approach (SNPA)—has been shown to re-
produce satisfactorily a variety of empirical properties of
light nuclei with mass number A  12, including energy
spectra [1] and static properties [2] of low-lying states,
such as charge radii, and magnetic and quadrupole mo-
ments. However, it has yet to be established conclusively
whether such a picture quantitatively and successfully
accounts for the observed electroweak structure and re-
sponse of these systems, at least those with A > 4, in
a wide range of energy and momentum transfers. This
issue has acquired new and pressing relevance in view of
the anomaly seen in recent neutrino quasi-elastic charge-
changing scattering data on 12C [3], i.e., the excess, at
relatively low energy, of measured cross section relative
to theoretical calculations. Analyses based on these cal-
culations have led to speculations that our present under-
standing of the nuclear response to charge-changing weak
probes may be incomplete [4], and, in particular, that the
momentum-transfer dependence of the axial form factor
of the nucleon may be quite di↵erent from that obtained
from analyses of pion electro-production data [5] and
measurements of neutrino and anti-neutrino reactions on
protons and deuterons [6]. However, it should be em-
phasized that the calculations on which these analyses
are based use rather crude models of nuclear structure—
Fermi gas or local density approximations of the nuclear
matter spectral function—as well as simplistic treatments
of the reaction mechanism, and do not fit the picture out-

lined above. Conclusions based on them should therefore
be viewed with skepticism.

The present work provides the first step towards a com-
prehensive study, within the SNPA, of the quasi-elastic
electroweak response functions of light nuclei. We report
an exact quantum Monte Carlo (QMC) calculation of the
elastic form factor and sum rules associated with the lon-
gitudinal and transverse response functions measured in
inclusive electron scattering experiments on 12C. These
sum rules are defined as [7]

S↵(q) = C↵

Z 1

!+

th

d!
R↵(q,!)
Gp 2

E (Q2)
, (1)

where R↵(q,!) is the longitudinal (↵ = L) or transverse
(↵ = T ) response function, q and ! are the momentum
and energy transfers, !

th

is the energy transfer corre-
sponding to the inelastic threshold (the first excited-state
energy is at 4.44 MeV relative to the ground state in 12C),
Gp

E(Q2) is the proton electric form factor evaluated at
four-momentum transfer Q2 = q2 �!2, and the C↵’s are
appropriate normalization factors, given by

CL =
1
Z

, CT =
2�

Z µ2

p + N µ2

n

� m2

q2

. (2)

Here m is the nucleon mass, and Z (N) and µp (µn) are
the proton (neutron) number and magnetic moment, re-
spectively. These factors have been introduced so that
S↵(q ! 1) ' 1 under the approximation that the nu-
clear charge and current operators originate solely from
the charge and spin magnetization of individual protons
and neutrons and that relativistic corrections to these
one-body operators—such as the Darwin-Foldy and spin-
orbit terms in the charge operator—are ignored.

Proton electric 
form factor

h 0|⇢| Xi h 0|~jT | Xi
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Longitudinal and transverse sum rules.
 Longitudinal sum rule

SL(q) = CL

h 1

Gp
E(Q

2
qe)

h0|⇢(q)⇢(q)|0i � 1

Gp
E(Q

2
el)

|h0;q|⇢(q)|0i|2
i

The elastic contribution, proportional to the longitudinal form factor has 
been removed.

 Transverse sum rule

ST (q) =
CT

Gp
E(Q

2
qe)

h0|~j †
T (q)~jT (q)|0i
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The present work provides the first step towards a com-
prehensive study, within the SNPA, of the quasi-elastic
electroweak response functions of light nuclei. We report
an exact quantum Monte Carlo (QMC) calculation of the
elastic form factor and sum rules associated with the lon-
gitudinal and transverse response functions measured in
inclusive electron scattering experiments on 12C. These
sum rules are defined as [7]

S↵(q) = C↵

Z 1

!+

th

d!
R↵(q,!)
Gp 2

E (Q2)
, (1)

where R↵(q,!) is the longitudinal (↵ = L) or transverse
(↵ = T ) response function, q and ! are the momentum
and energy transfers, !
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is the energy transfer corre-
sponding to the inelastic threshold (the first excited-state
energy is at 4.44 MeV relative to the ground state in 12C),
Gp

E(Q2) is the proton electric form factor evaluated at
four-momentum transfer Q2 = q2 �!2, and the C↵’s are
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CL =
1
Z

, CT =
2�

Z µ2

p + N µ2

n

� m2

q2

. (2)

Here m is the nucleon mass, and Z (N) and µp (µn) are
the proton (neutron) number and magnetic moment, re-
spectively. These factors have been introduced so that
S↵(q ! 1) ' 1 under the approximation that the nu-
clear charge and current operators originate solely from
the charge and spin magnetization of individual protons
and neutrons and that relativistic corrections to these
one-body operators—such as the Darwin-Foldy and spin-
orbit terms in the charge operator—are ignored.

;

FL(q) = CLh0;q|⇢(q)|0i
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The present work provides the first step towards a com-
prehensive study, within the SNPA, of the quasi-elastic
electroweak response functions of light nuclei. We report
an exact quantum Monte Carlo (QMC) calculation of the
elastic form factor and sum rules associated with the lon-
gitudinal and transverse response functions measured in
inclusive electron scattering experiments on 12C. These
sum rules are defined as [7]

S↵(q) = C↵

Z 1

!+

th

d!
R↵(q,!)
Gp 2

E (Q2)
, (1)

where R↵(q,!) is the longitudinal (↵ = L) or transverse
(↵ = T ) response function, q and ! are the momentum
and energy transfers, !

th

is the energy transfer corre-
sponding to the inelastic threshold (the first excited-state
energy is at 4.44 MeV relative to the ground state in 12C),
Gp

E(Q2) is the proton electric form factor evaluated at
four-momentum transfer Q2 = q2 �!2, and the C↵’s are
appropriate normalization factors, given by

CL =
1
Z

, CT =
2�

Z µ2

p + N µ2

n

� m2

q2

. (2)

Here m is the nucleon mass, and Z (N) and µp (µn) are
the proton (neutron) number and magnetic moment, re-
spectively. These factors have been introduced so that
S↵(q ! 1) ' 1 under the approximation that the nu-
clear charge and current operators originate solely from
the charge and spin magnetization of individual protons
and neutrons and that relativistic corrections to these
one-body operators—such as the Darwin-Foldy and spin-
orbit terms in the charge operator—are ignored.

;

• CL and CT have been introduced under in order for                             in the 
approximation where nuclear charge and current operators originate solely from 
the charge and spin magnetization of individual protons and neutrons and that 
relativistic corrections are ignored.

S↵(q ! 1) 1
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Ab-initio few-nucleon calculation

• To compute the sum rules and the longitudinal form factor, the ground state 
wave function of 12C need to be precisely known. 

• The density and current operators have to be consistent with the realistic 
nucleon-nucleon (NN) interaction, controlled by scattering data. 

v18(r12) =
18X

p=1

vp(r12)Ô
p
12Argonne v18 :
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Green’s Function Monte Carlo
• Solving the many body Schroedinger equation is made particularly difficult 
by the complexity of the interaction, which is spin-isospin dependent and 
contains strong tensor terms

3

where the energy transfer dependence of the current and density operators is determined at

the the quasi-elastic peak: ωel =
√

|q|2 +m2 −m. Hence, the sum rules of the response can

be evaluated by computing the expectation values of the electromagnetic currents and density

on the ground state of 12C.

II. NUMERICAL METHODS

The calculation of the sum rules requires the knowledge of the nuclear ground state wave-

function of 12C. Solving the many-body Schroedinger equation

ĤΨ0(x1 . . . xA) = E0Ψ0(x1 . . . xA) , (7)

where the generalized coordinate xi ≡ {ri, si, ti} represents both the position and the spin-

isospin variables of the i-th nucleon, is made particularly difficult by the complexity of the

interaction. The nuclear potential is indeed spin-isospin dependent and contains strong tensor

terms; thus Eq. (7) consists in 2A
(

A
Z

)

complex coupled second order partial differential equa-

tions in 3A variables. For the actual case of 12C, there are 270,336 coupled equations in 36

variables.

Standard methods for solving partial differential equations are not feasible in this context.

Green Function Monte Carlo (GFMC) algorithms use projection techniques to enhance the

true ground-state component of a starting trial wave function ΨT

Ψ0(x1 . . . xA) = lim
τ→∞

e−(Ĥ−E0)τΨT (x1 . . . xA) . (8)

In the actual calculation, the imaginary time evaluation is done a sequence of imaginary time

steps, each one consisting in a 3A dimensional integral, evaluated within the Monte Carlo

approach.

In GFMC all the spin-isospin configurations are considered and the wave-function is a vector

of 2A
(

A
Z

)

complex numbers. For example the eight spin configurations of the 3H nucleus are

represented by [3]

• GFMC algorithms use projection techniques to enhance the ground-state 
component of a starting trial wave function

For 12C 270,336 second 
order coupled  differential 
equations in 36 variables !!!

3

where the energy transfer dependence of the current and density operators is determined at

the the quasi-elastic peak: ωel =
√

|q|2 +m2 −m. Hence, the sum rules of the response can

be evaluated by computing the expectation values of the electromagnetic currents and density

on the ground state of 12C.

II. NUMERICAL METHODS

The calculation of the sum rules requires the knowledge of the nuclear ground state wave-

function of 12C. Solving the many-body Schroedinger equation

ĤΨ0(x1 . . . xA) = E0Ψ0(x1 . . . xA) , (7)

where the generalized coordinate xi ≡ {ri, si, ti} represents both the position and the spin-

isospin variables of the i-th nucleon, is made particularly difficult by the complexity of the

interaction. The nuclear potential is indeed spin-isospin dependent and contains strong tensor

terms; thus Eq. (7) consists in 2A
(

A
Z

)

complex coupled second order partial differential equa-

tions in 3A variables. For the actual case of 12C, there are 270,336 coupled equations in 36

variables.

Standard methods for solving partial differential equations are not feasible in this context.

Green Function Monte Carlo (GFMC) algorithms use projection techniques to enhance the

true ground-state component of a starting trial wave function ΨT

Ψ0(x1 . . . xA) = lim
τ→∞

e−(Ĥ−E0)τΨT (x1 . . . xA) . (8)

In the actual calculation, the imaginary time evaluation is done a sequence of imaginary time

steps, each one consisting in a 3A dimensional integral, evaluated within the Monte Carlo

approach.

In GFMC all the spin-isospin configurations are considered and the wave-function is a vector

of 2A
(

A
Z

)

complex numbers. For example the eight spin configurations of the 3H nucleus are

represented by [3]

• Sequence of imaginary time steps, each one consisting in a 3A dimensional 
integral, evaluated within the Monte Carlo approach. 

↵hr01 . . . r0A|e�(Ĥ�E0)�⌧ |r1 . . . rAi�
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Green Function Monte Carlo

• Within GFMC the wave function is represented by a complex vector of 
numbers, each depending on the 3A coordinates: a GFMC sample.

3

where the energy transfer dependence of the current and density operators is determined at

the the quasi-elastic peak: ωel =
√

|q|2 +m2 −m. Hence, the sum rules of the response can

be evaluated by computing the expectation values of the electromagnetic currents and density

on the ground state of 12C.

II. NUMERICAL METHODS

The calculation of the sum rules requires the knowledge of the nuclear ground state wave-

function of 12C. Solving the many-body Schroedinger equation

ĤΨ0(x1 . . . xA) = E0Ψ0(x1 . . . xA) , (7)

where the generalized coordinate xi ≡ {ri, si, ti} represents both the position and the spin-

isospin variables of the i-th nucleon, is made particularly difficult by the complexity of the

interaction. The nuclear potential is indeed spin-isospin dependent and contains strong tensor

terms; thus Eq. (7) consists in 2A
(

A
Z

)

complex coupled second order partial differential equa-

tions in 3A variables. For the actual case of 12C, there are 270,336 coupled equations in 36

variables.

Standard methods for solving partial differential equations are not feasible in this context.

Green Function Monte Carlo (GFMC) algorithms use projection techniques to enhance the

true ground-state component of a starting trial wave function ΨT

Ψ0(x1 . . . xA) = lim
τ→∞

e−(Ĥ−E0)τΨT (x1 . . . xA) . (8)

In the actual calculation, the imaginary time evaluation is done a sequence of imaginary time

steps, each one consisting in a 3A dimensional integral, evaluated within the Monte Carlo

approach.

In GFMC all the spin-isospin configurations are considered and the wave-function is a vector

of 2A
(

A
Z

)

complex numbers. For example the eight spin configurations of the 3H nucleus are

represented by [3]
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Each coefficient aα, which is a function of the coordinates r1, r2 and r3, represents the

amplitude of a given many-particle spin configuration; for instance

a ↑↑↓ = 〈↑↑↓ |Ψ3H〉 . (10)

The application of the spin matrix σ12 ≡
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The “new” wave function can be expressed in terms of the coefficients of the old one.

Therefore, in order to reduce the computational complexity of the spin and isospin matrix

multiplication, a specialized table-drive code is implemented.

III. BEFORE MIRA AND ON MIRA

The GFMC code needed to be deeply revised to better capitalize the resources of a

leadership class computer like Intrepid (BQP) and Mira (BGQ).

The branching process of the GFMC algorithm involves replication and killing of the sam-

ples, the number of which can undergo large fluctuations. Therefore, to achieve an high

• The 3H case fits in the slide!
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Need to go beyond MPI

• The branching process of the GFMC algorithm involves replication and 
killing of the samples, the number of which can undergo large fluctuations.

• In the original version of the code, several Monte Carlo samples, say at 
least 10, were assigned to each rank.

• A typical 12C calculation involves around 15,000 samples while leadership 
class computers have many 10,000’s of processors, making the algorithm 
quite inefficient.

10

10

10

12

8

11

11

9

13

9

12

8

Rank 1

Rank 2

Rank 3
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ADLB library: overview

• Nodes are organized in servers and 
slaves; in standard GFMC calculations 
approximately 3% of the nodes are ADLB 
servers. 

• Once a work package has been processed by a slave, a “response 
package” may be sent to the slave that put the work package in the queue.

6

have to be computed. Since the evaluation of the sum rules of the 12C for a single value of q

takes of about 100 seconds (with 32 OMP threads), we decided to split the calculation in such

a way that each ADLB slave calculates the sum rules for a single value of q.

Figure 1. Automatic Dynamic Load Balancing work flow.

• subroutine o_em_wk

Let us concentrate on a particular ADLB energy slave, managing a single configuration.

It enters o_em_wk and immediately puts into the work pool the part of work package

independent on q

call ADLB_Begin_batch_put (rwp%cfl,respon_wp_len_common,ierr)

where rwp%cfl indicates the beginning of the work package, respon_wp_len_common

denotes its size and ierr will get a return code.

Afterwards, the q dependent parts of the work packages are placed in the work pool for

each of the ∼ 60 cases.

call ADLB_PUT(rwp%qh,respon_wp_len_var,-1,myid, adlbwp_respon,i_prior,ierr)

• A shared work queue, managed by the servers, is accessed by the slaves 
that either put work units, denoted as “work packages” in it or get those work 
package out to work on them. 
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ADLB library: implementation

• In order to reduce the statistical error associated with GFMC, the sum rules 
and the longitudinal form factor are evaluated for:

12 directions of the momentum transfer
(in four groups of three orthogonal directions)

21 values of the discretized momentum 
transfer magnitude

252 independent 
expectation values 
need to be computed.

• The evaluation of the sum rules of the 12C for a single value of the 
momentum transfer takes of about 360 seconds (with 16 OMP threads)

• ADLB is used to split the calculation in such a way that each slave 
calculates the sum rules and the form factor for a single value of    .q
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ADLB library: implementation

As big as 1.30 GB !
Impossible on Intrepid!

• The response work package contains the left and right wave functions 
and, in certain cases, their derivatives. 
      TYPE respon_wp_package_der
         sequence
!  common part of package
         complex(8), dimension(nspin0, niso1) ::  cfl, cfr
         complex(4), dimension(ns,niso1,3,npart0) ::  cfdl, cfdr
         real(8) :: rpart0(3*npart0)
         real(8) :: actf, weight
         integer(4) :: iptb, if2, ijunk
         logical(4) :: prtsw
!  variable part
         real(8), dimension(3) :: qh
         real(8) :: q
         integer(4) :: iqq, iqh
      END TYPE respon_wp_package_der

call ADLB_Begin_batch_put(rwp%cfl, respon_wp_len_common, ierr)

call ADLB_PUT(rwp%qh, respon_wp_len_var, -1, myid, adlbwp_respon, i_prior, ierr)

Common part put: called once for each configuration. 

Variable part put: called for each    .

• ADLB solution

q
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ADLB library: performance

• Very good scaling of the calculation: total time per configuration per q-value 
very close to the ideal case.

95.2%
Efficiency!
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Results - Longitudinal form factor
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• Experimental data are well 
reproduced by theory over 
the whole range of 
momentum transfers

• Two-body terms become 
appreciable only for q > 3 
fm−1, where they interfere 
destructively with the one-
body contributions bringing 
theory into closer agreement 
with experiment.
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Results - Longitudinal sum rule
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• SL vanishes quadratically 
at small momentum transfer.

• The one-body sum rule in
the large q limit differs from 
unity because of relativistic 
correction and convection 
term.

• Satisfactory agreement with 
the experimental values, 
including tail contributions.

• No significant quenching of 
longitudinal strength is observed

No evidence for in-medium 
modifications of the nucleon 
electromagnetic form factors.
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Results - Transverse sum rule 4

tions are modest), and hence we expect the scaling with
deuteron-like pairs.
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FIG. 3: (Color online) Same as in Fig. 2, but for the transverse
sum rule.

The sum rules computed with the AV18+IL7 Hamil-
tonian and one-body only or one- and two-body terms in
the charge (SL) and current (ST ) operators are shown,
respectively, by the dashed and solid lines in Figs. 2–
3. In the small q limit, SL(q) vanishes quadratically,
while the divergent behavior in ST (q) is due to the 1/q2

present in the normalization factor CT . In this limit,
OT (q = 0) = i [H ,

P
i ri Pi ] (see Marcucci et al. [15]),

where H is the Hamiltonian and Pi is the proton projec-
tor, and therefore ST (q)/CT is finite, indeed the associ-
ated strength is due to collective excitations of electric-
dipole type in the nucleus. In the large q limit, the one-
body sum rules di↵er from one because of relativistic
corrections in OL(q), primarily the Darwin-Foldy term
which gives a contribution �⌘/(1 + ⌘) to S1b

L (q), where
⌘ ' q2/(4 m2), and because of the convection term in
OT (q), which gives a contribution ' (4/3) CT Tp/m to
S1b

T (q), where Tp is the proton kinetic energy in the nu-
cleus.

The calculated SL(q) is in satisfactory agreement with
the experimental values, including tail contributions, and
no significant quenching of longitudinal strength is ob-
served. Since the experimental RL(q,!) is divided out by
the (square of the) free proton electric form factor, one is
led to conclude that there is no evidence for in-medium
modifications of the nucleon electromagnetic form fac-
tors, as advocated, for example, by the quark-meson cou-
pling model of nucleon and nuclear structure [20].

In contrast to SL, the transverse sum rule has large
two-body contributions—at q = 500 MeV/c, for example,
these increase S1b

T by about 50%. Studies of Euclidean
transverse response functions in the few-nucleon systems
within the same SNPA adopted here [7] suggest that a
significant portion of this excess transverse strength is in
the quasi-elastic region. Clearly, a direct QMC calcula-

tion of the 12C response functions is needed to resolve
this issue conclusively. It will also be interesting to see
the extent to which these considerations—in particular,
the major role played by two-body currents—will remain
valid in the weak sector probed in neutrino scattering,
and possibly provide an explanation for the observed 12C
anomaly mentioned in the introduction.
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•Divergent behavior at small 
q due to the normalization 
factor CT.

• Large two-body 
contribution, most likely 
from the quasi-elastic 
region needed for a better 
agreement with 
experimental data.

• Comparison with 
experimental data made 
difficult by the     peak. �
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Conclusion & Future

• Very good description of the longitudinal form factor.

• As for the sum rule (for the transverse in particular), comparison with 
experimental data is made difficult by the complexity of extracting the 
latter from the measured response functions.

• The implementation of the Euclidean response calculation of 12C is 
currently under development. This will be more directly comparable with 
data.

• Neutral current sum rules, allowing for the description of neutrino 
scattering on 12C,  will be soon implemented in the code.  

• Very good scaling to 32768 ranks (at least).
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